The purpose of this research is to produce micro parts reinforced by unidirectional short fibers using laser stereolithography. Ferromagnetic short fibers are added to a liquid photopolymer and a magnetic field is then applied to the liquid photopolymer, aligning the axes of the short fibers along the magnetic field direction. Then, the photopolymer is solidified by UV laser irradiation in a desired shape. Solidified photopolymers containing the unidirectional short fibers are layered until the desired height is obtained. The surfaces of the solidified layers are observed and the possibility of a reinforcing effect between the layers is examined.
Introduction
Laser stereolithography is used to produce two-dimensional micro parts with a high aspect ratio (height-to-width ratio) and three-dimensional micro parts [1] [2] [3] [4] . The material used for laser stereolithography is a photopolymer. A photopolymer dispersed with particles is used to produce micro parts [5] [6] and a photopolymer dispersed with short fibers is used to produce macro parts [7] [8] . However, in the above research works the short fibers are not aligned along any particular direction in the photopolymers.
The purpose of this research is to produce micro parts reinforced by unidirectional short fibers by using ferromagnetic short fibers and a magnetic field in the laser stereolithography process. Materials with unidirectional fibers have already been developed [9] [10] [11] [12] . The purpose of our research work is not to develop the material itself but rather to fabricate micro structures from the photopolymer with unidirectional short fibers.
In our method, thin films of the photopolymer are layered on top of one another using laser stereolithography. We used a scanning electron microscope to observe the surfaces of the photopolymer with the unidirectional short fibers because the surfaces had become the interfaces of the layers in the structures. We present several examples of micro structures reinforced by unidirectional short fibers that have been fabricated by this method. Figure 1 shows the schematic diagram of our manufacturing method. Ferromagnetic short fibers are added to a photopolymer. The photopolymer is then spread on a substrate to create a thin film. When a magnetic field is applied to the thin film of the photopolymer containing the short fibers as shown in Fig. 1 (a) , the short fibers in the liquid photopolymer align along the magnetic field. Then, a focused UV laser beam is drawn on the surface of the photopolymer along a desired line and the portion irradiated by the laser beam is solidified. Next, the magnetic field is applied in another direction. The short fibers in the liquid photopolymer align along this direction and the UV laser beam is drawn again on the surface of the photopolymer along another line as shown in Fig. 1 (b) . The first layer is solidified by repeating these processes until the desired shape is obtained.
Method and Materials

Manufacturing Method
A second layer of the photopolymer containing the short fibers is spread over the first layer. The UV laser beam is drawn on the surface of the second layer, as shown in Fig. 1 (c) . A micro part reinforced by unidirectional short fibers is obtained after layering until the desired height is achieved and removing the remaining liquid photopolymer as shown in Fig. 1 (d) . Figure 1 shows the alignment of the short fibers in a horizontal plane parallel to the surface of the photopolymer. A micro structure with unidirectional short fibers aligned perpendicular to the horizontal plane can also be fabricated by applying a magnetic field from below.
Generally, to manufacture a structure that is reinforced by fibers, a material containing fibers is prepared and then the material must be machined into the desired shape. Our 
Experimental Materials
The properties of the short fiber and the photopolymer used in this experiment are listed in Table 1 and 2, respectively. The minimum thickness of a polymer layer was 2 µm in our experiments as mentioned in Sec. 3.1. The length of a short fiber had better be less than 2 µm. It is convenient for the material of short fibers to be not rare material. Ferromagnetic γ-Fe 2 O 3 produced by Titan Kogyo Ltd. was used as the short fiber. The diameter and length of the short fiber are 0.04 µm and 0.32 µm, respectively. The photopolymer is manufactured by JSR and has a commercial name of SCR751. A solidified polymer structure is fabricated from a liquid photopolymer using laser stereolithography. The liquid photopolymer around the solidified polymer was then removed by a solvent. The solvent we used in our experiments has the commercial name of EE-4210 and is produced by Olympus Corporation. Figure 2 is a schematic diagram of our experimental apparatus. The light source used to solidify the photopolymer was a He-Cd laser with a wavelength of 0.325 µm. The intensity of the laser beam was decreased by a beam filter. The beam was focused by a lens with a focal length of 50 mm and irradiated on the surface of the photopolymer containing the short fibers that had been spread onto a substrate. The laser beam was drawn on the surface of the photopolymer. The beam diameter at the focal point was theoretically 15 µm; however, the width of the solidified area after irradiation was larger than this value.
Experimental Apparatus
The apparatus for applying a magnetic field to the photopolymer containing the short fibers was set on the X-Y table in Fig. 2 . We had constructed this apparatus and it consisted of one vertical and four horizontal electromagnets that change the magnitude and direction of the magnetic field. Figure 3 is a photograph of the magnets. The photopolymer Photopolymer and short fiber containing the short fibers was spread onto a glass substrate. The substrate was put on the end surface of the bottom electromagnet in the apparatus. The magnetic flux density generated by the apparatus was approximately 15 mT.
Experimental Results
Photopolymer Thin Film and Alignment of Short Fibers
After the liquid photopolymer with the short fibers was spread on the substrate, spin coating (i.e. fast rotation of the substrate) was used in order to obtain a thin film. 
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Vol. 6, No. 6, 2012 (a) shows the relationship between the thickness of the photopolymer film without the short fibers and the spin coating time. The thickness remained constant at the 1 min value regardless of additional spin coating time if the rotating speed was over 1000 rpm. Figure 4 (b) shows the relationship between the thickness of the photopolymer and the rotating speed after 1 min. After spinning at 4000 rpm for 1 min the thickness became 2 µm.
The short fibers were added to the liquid photopolymer by 0.5 vol% and the photopolymer containing the short fibers was spread on a substrate and spin coated. The same film thickness was obtained as shown in Fig. 4 . Figure 5 (a) and (b) show optical micrographs of the film before and after spin coating, respectively. The thickness of the thin film shown in Fig. 5 (b) is 2 µm. The photograph is brighter after spin coating because the film is thinner. The short fibers were magnetized originally and they gathered each other. Therefore, it was more difficult to disperse them than non-magnetic particles. The short fibers had coagulated in groups that were approximately 10 µm in size before applying magnetic field.
The magnetic flux density required for the short fibers to align should be determined by the calculation considering electromagnetics and fluid dynamics. The calculation becomes complicated because the photopolymer is characteristics of bingham fluid. Therefore, the magnetic flux density was determined experimentally. The maximum magnetic flux density was found to be approximately 15 mT using the apparatus described in Section 2.3. This flux density was not sufficient for the short fibers to align along the direction of the magnetic field. The photopolymer containing the short fibers on the glass substrate was pre-magnetized using another 150 mT magnet placed on the reverse side of the substrate before setting up the apparatus. Figure 6 (a) and (b) show the optical micrograph of the film before and after applying the 15 mT magnetic field, respectively. The coagulated short fibers were gathered more by pre-magnetization as shown in Fig. 6 (a) than that in Fig. 5 . And the coagulated short fibers were aligned along the magnetic field as shown in Fig. 6(b) . The time required for the alignment of the fibers was 4 seconds by pre-magnetization at 150 mT and applying at 15 mT for the alignment. 
Surface of Thin Film with Aligned Short Fibers
The short fibers were aligned along the magnetic field in a plane parallel to the polymer surface as shown in Fig. 6 (b) . The short fibers can be also aligned perpendicular to the polymer surface, as illustrated in Fig. 7 using the bottom electromagnet of the apparatus. The surface of the photopolymer containing the short fibers aligned perpendicular to the polymer surface was observed. Figure 8 (a) shows a scanning electron micrograph of the surface of the solidified 2-µm thick polymer film containing short fibers after washing by the solvent mentioned in Section 2.2. Many holes were observed on the surface. The diameter of the hole was about 10 µm, which was the same size as the coagulated groups of short fibers shown in Fig. 5 (b) . Short fibers were also observed around the holes. Therefore, it is deduced that the coagulated fibers on the surface of the photopolymer are removed by the solvent and the removed portions create the holes shown in Fig. 8 (a) . A schematic diagram of this process is illustrated in Fig. 8 (b) . When the polymer is irradiated by UV laser, the short fibers make shadows on the polymer surface. The photopolymer in the shadows is not irradiated by UV laser, and hence, the surface of the photopolymer is not solidified perfectly, and some coagulated short fibers are removed by the solvent. The wavelength of the UV laser is 0.325 µm and the length of the short fiber is 0.32 µm. There might be the effect of the scattering of light. The effect will be discussed in further research.
The liquid photopolymer is removed by the solvent after obtaining the required height by layering thin films and solidified each layer using laser stereolithography. The surface shown in Fig. 8 does not become the interface of the layered structure. Instead, the surface before washing by the solvent becomes the interface of the structure. Therefore, we observed the surface before it was washed by the solvent using a scanning electron 
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Vol. 6, No. 6, 2012 microscope and the surface is shown in Fig. 9 (a) . There were no holes in the polymer surface. A schematic diagram is illustrated in Fig. 9 (b) . The coagulated short fibers are covered by the photopolymer because the surface of the polymer has not been washed by the solvent. The photopolymer around the coagulated short fibers is not solidified completely because the surfaces around the short fibers are not irradiated by the UV laser as mentioned in the previous paragraph. The second photopolymer is deposited on the surface of the first layer as shown in Fig.  10 (a) . As for the first layer, the photopolymer around the coagulated short fibers in the second layer is not solidified. Therefore, after all layers have been deposited the fabricated structure is irradiated by UV light again and the photopolymer is solidified perfectly as shown in Fig. 10 (b) . The structure does not have completely smooth interfaces; however, the boundaries between layers are expected to be reinforced by the short fibers. The shear strength between one layer and the next layer might increase. The tensile strength might be almost same because the portion between one short fiber and another short fiber is photopolymer. Figure 11 (a) shows a single solidified polymer layer with a square shape on a substrate and (b) shows the cross sectional outline measured by a stylus. The thickness of the solidified polymer was 2 µm. When the structure was fabricated, the contour of the square was drawn first by a laser beam; therefore, the thickness at the edge of the square was larger than for the rest of the solidified layer. By repeating this process, layered squares were produced, as shown in Fig. 12 . The thickness of one layer was 2 µm, as shown in Fig. 12  (b) . However, the greater the number of layers became, the larger the error in the thickness became. Figure 13 (a) shows the top view of the layered solidified polymer with short fibers. The short fibers are not aligned in this structure. The cross sectional outline of the structure is shown in Fig. 13 (b) . The thickness of the photopolymer with the addition of 0.5 % short fibers was almost the same as that without short fibers (Fig. 12 ).
Thickness of Layered Photopolymer
Examples of Manufacturing
As an example of what could be created with this method, we had manufactured a micro gear reinforced by unidirectional short fibers. The optical micrographs are shown in Fig. 14 (a) and (b) . Figure 14 (a) is focused on the first layer and (b) is focused on the second layer. The thickness of one layer was 12 µm. In the teeth of the gear, the short fibers were aligned in the radial direction, and in other portions, they were perpendicular to the surface, as illustrated in Fig. 14 (c) . When the central portion of the first layer and the second layer were solidified, the bottom electro magnet shown in Fig. 3 
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Vol. 6, No. 6, 2012 teeth of the gear were solidified, the horizontal electromagnets shown in Fig. 3 were used. For example, when the right side tooth and the left side tooth of the gear were solidified, the right side electromagnet and left side electromagnet were applied to the opposite magnetic pole. Then the lines of magnetic force were from right to left and the short fibers were aligned along the direction.
Discussions
For ordinary fiber reinforced material, universal mechanical tests should be performed before the material is put to practical use. For layered micro parts as discussed in this paper, the strength of the interface between one layer and the next layer should be further tested. The interface of the structure might be reinforced by the short fibers as discussed in Section 3.2. We will measure the shear strength and tensile strength in further research.
The content of the short fibers in the photopolymer in this study is 0.5 vol%. We will also examine the effect of the short fiber content in further research.
Conclusions
The following results are obtained.
(1) Ferromagnetic short fibers were aligned in a photopolymer layer of several micrometers in thickness by a magnetic field. (2) The surfaces of the photopolymer with unidirectional short fibers were observed by a scanning electron microscope. A reinforcing effect between the interfaces of photopolymer films was expected by the layering method. (3) Layered micro structures reinforced by the addition of unidirectional short fibers were fabricated. 
